Most multiple sequence alignment programs explicitly 
Introduction
Multiple sequence alignment is a powerful tool for studying the structure-function relationship and evolution of biological macromolecules. However, it presents a computationally difficult problem, and it is impractical to obtain an exact solution for more than seven (and sometimes even fewer) sequences (Lipman et ai, 1989) . Although the so-called progressive method (Waterman and Perlwitz, 1984; Feng and Doolittle, 1987; Thompson et al., 1994b ) is most widely used today for aligning a large set of sequences, the quality of the alignments thus obtained is not satisfactory, since errors introduced at early stages are propagated to the final result without any later correction. Errors of this type can be effectively diminished by recently developed iterative methods, in which an initial alignment is gradually refined by repeated pairwise alignment of randomly partitioned groups in the sequences (Berger and Munson, 1991; Gotoh, 1993) . Hirosawa et al. (1995) have recently shown that a good cost-performance can be achieved by limiting the ways of partitioning the sequences, instead of examining all possible partitions. Moreover, the computational cost required at each iteration for aligning two large groups of sequences can be greatly reduced using 'generalized profile operations' (Gotoh, 1994) . A combination of these methods has allowed us to obtain an objectively optimized alignment of many sequences at a reasonable computational cost.
It is common to evaluate the goodness of a multiple sequence alignment with the sum-of-pairs (SP) measure. However, this measure is not appropriate when evolutionary distances between members are not evenly distributed. In current sequence databases, for example, there are many a-chain and /3-chain haemoglobins and myoglobins with similar sequences within each family, whereas most nonvertebrate globins have few close relatives. Thus, the contributions of these minor members to the total SP score are dominated by those of large families. Several methods have been proposed to correct the biased contributions of individual members to some averaged feature, e.g. hydrophobicity at a protein site or evolutionary age of the closest common ancestor, of a family of sequences (Felsenstein, 1973; Sibbald and Argos, 1990; Vingron and Sibbald, 1993; Henikoff and Henikoff, 1994) . Such weighting techniques have been shown to be effective in improving the sensitivity and reliability of profile-based database searches (Thompson et al., 1994a; Luthy et al. 1994; Henikoff and Henikoff, 1994) and group-to-group sequence alignment (Gotoh, 1992; Thompson et al., 1994b) . However, there has been much less investigation of the weights given to individual pairs of members. Altschul et al. (1989) proposed two methods for obtaining such a set of weights for modifying an SP score of a multiple sequence alignment, and implemented them in the MSA package (Lipman et al., 1989) . However, the weighted sum-of-pairs (WSP) score raises a new problem, since the accelerated alignment algorithm based on profile operations (Gribskov et al., 1987; Gotoh, 1994) is no longer generally applicable, and it is difficult to use WSP as an optimization target in iterative strategies for large-scale alignment.
I show here that a profile-based fast algorithm can be obtained by imposing some limited, yet practical, conditions on the weights. Comparing the results of sequence alignment with those derived from the three-dimensional structure of globin superfamily proteins, we found that the consistency between sequence alignments and structural alignments tended to increase in the order of the following methods: pairwise alignment between single members < progressive method < randomized iteration without weights < randomized iteration with weights < randomized iteration with weights supplemented with information regarding predicted secondary structure propensities and hydropathy indices.
System and methods
The programs were written in standard C and run under UNIX (SUN OS4.1.3 or Solaris 2.2 on SPARCstation2 or SPARCstationlPX equipped with a Weitek SPARC POWER /iP tip). The source codes are available via anonymous ftp from ftp.ncc.go.jp (160.190.10.12) in the ~/pub/genome/gotoh directory. Amino acid sequences were taken from NBRF-PIR database.
Algorithm

Weighted sum-of-pairs score
Consider a multiple sequence alignment A of length / composed of N nucleotide or amino acid sequences. The sum-of-pairs score of A, SP(/1), is defined by:
where Sj* is the score associated with the pairwise alignment between the /th and the kth sequences within A. When a set of weights, {wj^}, is given to individual pairs of sequences in A, the weighted sum-of-pairs score of A, WSP(v4), is analogously defined as:
There appear to be only two reported methods, both of which were proposed by Altschul et al. (1989) , for obtaining {w jjc }. Both methods assume that all of the N members (sequences) are related by an unrooted phylogenetic tree Tand constitute the leaves of T (Figure 1 ). Let p = (J,k) be the undirected path that connects leaf nodes j and k. The rationale-1 weights of Altschul et al. for p are where D, denotes the degree (the number of adjacent nodes) of internal node / that lies on path p. If all the internal nodes are bifurcating, w p = 2'-W, where \p\ is the number of edges along the path. For the sake of simplicity, I consider only bifurcating trees with positive branch lengths throughout the following discussion. As noted by Altschul et al., the rationale-1 weights have some shortcomings. In particular, they depend only on the topology of the tree, and branch lengths are not taken into consideration. By contrast, the other weights, rationale-2 weights, incorporate branch lengths as well as tree topology, and hence are clearly more realistic. In brief, let l p be the length of path p and l pq be the sum of the lengths of the edges shared by paths p and q. If we define the correlation matrix M = {M^} as M M = Pjq/lplq, then w = i w p\ i s obtained by
where u = {1,1, ... ,1} T . Taking advantage of the special structure of matrix M, Altschul (1989) devised a method that solves equation (4) in 0(|i>|), where \P\ = N x (yV -1) / 2 is the number of distinct paths.
Calculation of WSP
Although naive implementation of equation (1) takes O(IN 2 ) computational steps to obtain SPG4), the complexity can be markedly reduced by the use of 'generalized profile' operations, especially when N is large (Gotoh, 1994) . It is easily shown that this technique can be directly applied to the calculation of WSP(/1) only if w jwk has the special form wj • ui k , where u>j (J = 1... N) is a constant specific to the/th sequence. Unfortunately, this limitation is too stringent for a set of vv, ^ to represent or approximate such rational weights as discussed above.
Is there any compromise between a fast algorithm and rational weights? Fortunately, yes. Let us assume that w p = Wj£ is expressed by:
where ui e is a constant assigned to each edge e € p -C/,^)-The rationale-1 weights intrinsically satisfy this condition. Although the rationale-2 weights do not meet the condition per se, very good approximations in accordance with the condition are available, as shown below. Under the constraints on {w p } presented by equation (5), an O(~IN) algorithm for calculating WSP(^) is possible, as detailed below.
Imagine that we dissect tree T into two sub-trees, T L and J R , and an edge e = (x,y) that connects them ( Figure  1 ). 7 1 or 7* may consist of a single node, x or y, which ought to be a leaf of T. Obviously, all leaves of T belong to either T L or T R , and will be represented asy e L or k G R. A path p = (J,k) from a leaf of T L to that of T R is divided into three parts, (J,x), e and (y,k), and w p is then factorized according to equation (5):
When (J,x) or (y,k) is null, i.e. j = x or y = k, the corresponding factor in equation (6) is set to 1. Using W(j rX ) or W(yjc), we can define a weighted average of any property associated to the set of sequences j € L or k e R. In particular, we can define weight-averaged, asymmetric, generalized profile vectors, P, L and Q, R , (frequency vectors, profile vectors and gap-profiles) (Gotoh, 1994) for the sets L and R at each column position of A. Hence, it is possible to calculate WSP(L,*) EE as a sum of 'inner products' of P, L and g, R symbolically double wps2 (v, P, Q) v; r A node of tree T P; I* Profile vector
Fig. 2. An O(~N) algorithm for calculating WSP(A)
. Given a node v of tree T, the recursive function wsp2(v, P, Q) returns the WSP value of all submembers of A that are progenies of v, together with the asymmetric profile vectors, P and Q. A weight factor uiy is assigned to the edge between v and its parent. However, if v is the root of the tree or one of its sons, uj v is denned as unity. In practice, the algorithm should be modified to cope with the fact that the conventional algorithm is faster when the number of progenies of the current node is less than some threshold.
represented as:
where the summation is taken over all column positions of A. Note that the time complexity of this procedure is virtually independent of the numbers of members of L and R (Gotoh, 1994) . To obtain the total WSP(/1), we first choose an edge e = (x,y) of the given unrooted tree T, preferably located near the center of T, create a temporal root v at the same site as x, and make its sons x and y. Now T'\s a rooted tree with natural hierarchy, following which function wsp2(v,.P,0 outlined in Figure 2 calls itself recursively, and finally returns the desired value for WSP(/1). Function wsp2(v,i > ,0 obtains P and Q either by sequence-to-profile conversion at a leaf or otherwise by merger of two existing profiles. At an internal node, it calculates WSP(L,^?) in the form of inner products of P L and Q R (equation 7). As mentioned above, all of these processes are virtually independent of the number of progenies below the current node. Thus, the total cost for calculating WSP(A) is O(~IN), since each node is visited just once.
Multiple sequence alignment with randomized iteration
The advantage of the above-mentioned algorithm for calculating WSP(/1) over the conventional method is evident in practice only for appreciably large values of N (N ^ 60 for protein sequences). The true merit of the profile-based calculation of WSP(L,J?) is found in the randomized iterative strategy for multiple sequence alignment (Berger and Munson, 1991; Gotoh, 1993) . In the original formulation, all 2 N~x -\ possible ways of division were examined. However, we must restrict the partition points to the 2JV-3 edges of the tree (Figure 1) for the algorithm to work properly. Although the restriction narrows the opportunities for optimization, good returns are obtained. Since equation (5) ensures that the weight given to each pair of members located on the opposite sides of an edge is factorized, fast group-to-group alignment based on generalized profile operations can be achieved in a similar way as described above. Moreover, the number of iterations necessary for convergence is O(N), which is much less than 0(2^) used by the original method (Hirosawa et al., 1995) .
A simple method for pair weights
Although the rationale-2 weights of Altschul et al. (1989) do not meet the conditions of (5), the definition of matrix M suggests that we might be able to find good approximations that satisfy these conditions. The examination of several small trees (Figure 3 ) reveal that this is indeed possible. In these tests, the trees were constructed by the neighbor-join distance matrix method (Saitou and Nei, 1987) , and w e 's of equation (5) were fit by the leastsquares method to WpS obtained as described by Altschul (1989) . This is a feasible approach while N is small, since the tree-construction, calculation of {w p }, and leastsquares fitting take O{N 3 ), O(N 2 ) and O(N 3 ) operations respectively. However, as N increases, solving the system of linear equations for least-squares fitting becomes cost-intensive. I propose below a much more efficient O(A0 algorithm to obtain {w e }, which, although not necessarily the best solution, is sufficiently accurate for the present purpose.
The underlying concept is actually rather primitive. Consider the simplest case of N = 3. Since the number of unknowns and the number of equations (5) are the same (=3), the exact values for {w e } can be obtained as shown in the Appendix. When N > 3, we regard the tree as a collection of partly overlapping three-way trees having the same internal nodes as the original tree. We determine the branch lengths of such an imaginary three-way tree in much the same manner as we determine the 'synthetic resistance' of an electric circuit ( Figure 4B ). This notion is based on the fact that Felsenstein's (1973) maximum likelihood weights correspond to the electric currents that flow out from terminal resistances in a circuit with the same network topology as the phylogenetic tree ( Figure  4A ). The w e value obtained from the imaginary three-way tree is directly assigned to that of the original tree if one of the termini of e is a leaf of T. When both termini of e are internal nodes of T, u e is taken as the product of w values of the flanking imaginary three-way trees. The rationale behind these approximations is discussed in the Appendix. The 'equalization factor ' F' ] (see Appendix) is reserved as an adjustable parameter. In a comparison of the approximate values with the exact solutions of a fourway tree (Appendix), F is estimated to be close to, but slightly greater than, 1.0. The method described above is referred to hereafter as the 'three-way method'.
Comparison of alignments
An alignment of two sequences was compared with another alignment of the same sequences essentially as described previously (Gotoh, 1990) . In brief, we represent each alignment as a bipartite graph and superimpose them. The vertices of the graph correspond not to residues (nucleotides in the case of DNA) but to links (phosphate gToups) between or outside them. By examining the overlap of edges in the two graphs, we can easily count the number of residues that are consistently aligned. This number divided by the total number of residues in both sequences is denned as the degree of match between the two alignments. However, this measure somewhat underestimates the degree of consistency, since the displacement of a single residue may make the entire insertion region inconsistent. To correct this shortcoming, residues located in an insertion region in both alignments are considered consistent. When the alignments of more than two sequences are compared, each pairwise alignment is extracted and compared as described above.
Implementation
Pair weights obtained by the three-way method
I used either the UPGMA (Sneath and Sokal, 1977) or neighbor-join (Saitou and Nei, 1987) distance matrix method to construct a phylogenetic tree of a set of sequences. The distances used were PAM values (Dayhoff et al., 1978) estimated from pairwise alignments of the members. The weight given to each pair of members, w JJc , was obtained by either the rationale-2 method of Altschul et al. (1989) or the three-way method described above. I examined several trees of distinct topologies (Figure 3) . A typical example is shown in Figure 5 , in which pair weights were obtained for the tree shown in Figure 3(A) by the three-way method with two F values (1.0 and 1.2) and plotted against the rationale-2 weights of the corresponding pairs. A very high degree of correlation is obvious with F=1.2 (correlation coefficient = 0.995). Similar results were obtained with other trees, and in each case the correlation coefficient exceeded 0.993 with an optimized F value within the range of 1.03 < F < 1.21. Although the tree topologies tested are admittedly limited, we may reasonably assume that the three-way method provides us with good approximations of rationale-2 weights. The weights obtained by the three-way method tend to become a constant with smaller F values ( Figure 5) . Hence, this factor gives us an additional freedom about the relative contributions of individual pairs, i.e. we may be able to examine various weights intermediate between constant and rationale-2 weights.
Comparison of multiple sequence and structure alignments I examined five strategies for aligning a family of protein sequences: (1) pairwise alignment between single members, (2) multiple alignment by the progressive method, (3) multiple alignment by randomized iteration without weights, (4) multiple alignment by randomized iteration with weights, and (5) same as (4) but supplemented with predicted secondary structure propensities (Gibrat et al., 1987) and hydrophobicity indices (Kyte and Doolittle, 1982) . In all of the strategies, a reversed sign of the mutation data matrix of Jones et al. (1992) at the 250-PAM level was used as a measure of dissimilarity of matched amino-acid residues, and a gap of length k was penalized by a linear function, g{k) = uk + v. The relative contributions of the mutation data matrix, the predicted secondary structure, and the hydrophobicity in strategy (5) were fixed at 1.00:0.05:0.50. The profile version of Algorithm D (Gotoh, 1993 (Gotoh, , 1994 ) was used at each stage in the progressive or iterative procedures. In (3-5), iteration was performed with restricted partitioning, as shown in Figure 1 . Iterations were repeated five times with different series of random numbers. The reported alignment is that with the best score among the five trials.
To assess the efficacy of these strategies, I obtained sequence alignments of 339 proteins in the globin superfamily, and compared the results with the structural alignment of seven members reported by Bashford et al. (1987) . To save calculation time, I first obtained refined sequence alignments of the a-hemoglobin (115 members), -hemoglobin (122), myoglobin (65), and leghemogJobin (11) families individually, and fixed these intra-family alignments during the course of the examinations. The remaining 26 sequences of miscellaneous origins were considered independently. In strategies (4) and (5), the pair weights were computed from a tree consisting of all of the 339 members, implying that individual members in the fixed alignments are weighted to yield family profiles. Strategies (4) and (5) used about 10% more cpu time than strategy (3) per iteration step, but sometimes converged more rapidly. In all of the strategies, the five series of iterations were performed within 30 min on our workstations.
The proportion of sequence alignment consistent with the structural alignment was evaluated for each pair of the seven members (Figure 6 ). The average and the worst consistencies of the 21 pairs are also shown in Figure 6 . While these calculations were made with a fixed gap penalty function of g{k) = 2k + 9, I further searched for the best gap parameters in the range of 6 < v < 11 and 1 < u < 4 for each alignment strategy. This resulted in a slight improvement in consistency (Figure 6 ). Figure 7 shows the best-fit alignment of the seven globins that was obtained by strategy (5) with u = 2 and v = 8. In this case, sequence and structure alignments match at 93.7 % residues on average, and at 87.3% for the worst pair; 'gpyl2' (lupine leghemoglobin) and 'ggnwlb' (bloodworm monomeric hemoglobin component).
Discussion Figure 6 confirms the popular notion that multiple sequence alignment is more reliable than pairwise alignment (Barton and Sternberg, 1987) . It is also evident that iterative refinement improves not only the alignment score but also the consistency of the sequence alignment with the structural reference. The worst cases (squares in Figure 6 ) are more responsive to the refinement than the averages (circles). This is partly because nearly 100% consistencies are already attained by the progressive method for some close members. Most remarkably, optimization of the WSP score led the multiple sequence alignment of globin superfamily proteins to fit the structural alignment at nearly 90% of the sites even for the worst pair. Considering that the sequences are divergently related (about 16% amino acid identity between most remotely related pairs of the seven members of known structures), that no structural information was explicitly referred to, and that even the structural alignment is not fully definitive, this degree of consistency is striking. This observation suggests that multiple sequence alignment obtained by this method is useful for predicting tertiary structures of divergently related proteins when the structure of one or more members of the family is known. The finding that consideration of the predicted secondary structure and hydrophobicity indices improved the accuracy of alignment indicates that further crucial information about structural determinants might be buried in groups of related protein sequences. Along these lines, it will be of great interest to see how structurederived information, e.g. 3D-profiles (Sippl, 1990; Bowie et al., 1991) , would improve the quality of multiple structure-sequence alignments. Strategy (5) is the most general approach and emulates other iterative strategies by using a special setting of parameters. Of the few adjustable parameters involved, the gap-penalty parameters had by far the greatest effect on the quality of alignment. In particular, the gap-opening penalty plays an essential role in reliable alignment, as has already been pointed out using different approaches (Allison et al., 1992; Pascarella and Argos, 1992) . Hence, alignment methods that ignore this component (e.g. Sellers, 1974) may not be appropriate for practical applications. The effect of equalization factor F~l, which affects the relative contributions of individual pairs, was not clear within the range of 1.0 < F < 1.3 and with the limited number of examinations performed here.
However, there appears to be a broad optimum, which might be sharpened with further examination.
The WSP score depends on the given phylogenetic tree. In the present implementation, the tree is fixed and no attempt is made to reconstruct potentially better trees. It is not difficult to add such processes to the framework of iterative refinement, although tree reconstruction itself is a controversial problem (Nei, 1987) . The results of the present approach may help us to develop a system in which sequence alignment, structural predictivity and phylogenetic reconstruction are dynamically improved in a concerted fashion.
Similarly, the solutions to equation (4) for a four-way tree ( Figure 4B ) are:
w AC = bd{a + e + c) /N 4 where N 4 is the normalization constant. The other weights are easily calculated from the symmetry of the tree topology. The procedure described in the text decomposes the four-way tree into two overlapping three-way trees ( Figure 4B) , with branch lengths of (a, b, e,) and (e 2 , c, d) . 
